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A recent study [PRB 100, 075427 (2019)], finally, demonstrated plasmon-analog of refractive index
enhancement in metal nanostructures, which has already been studied in atomic clouds for several
decades. Here, we simply utilize this phenomenon for achieving continuously-tunable enhanced
Cherenkov radiation in metal nanostructures. Beyond enabling Cherenkov radiation from slow-
moving particles, or increasing its intensity, the phenomenon can be used in continuous-tuning the
velocity cutoff of particles contributing to the Cherenkov radiation. More influentially, this allows
a continuously-tunable analysis of the contributing particles as if the data is collected from many
different detectors, which enables data correction. The phenomenon can also be integrated into
lattice metal nanostructures, for continuous medium tuning, where a high density of photonic states
is present and the threshold for the Cherenkov radiation can even be lifted. Additionally, vanishing
absorption can heal radiation angle distortion effects caused by the metallic absorption.
I. INTRODUCTION
A charged particle, moving with a constant velocity
in a dielectric medium, emits the well-known Cherenkov
radiation (CR) [1, 2] when its velocity (v) exceeds the
phase velocity (vph = c/n(ω)) of light, i.e. v > vph, in
this medium [3]. Such a condition is met for particles
of energy in the order of a hundred keV, which can be
generated in nuclear processes and particle accelerators
—also used for free-electron lasers [4, 5]. CR can be
utilized for particle detection purposes [6, 7]. Velocity
distribution of emitted particles can be characterized by
the angle θCR of CR via cos θCR = vph/v [3]. Detection
of slower-moving particles, however, necessitates media
with much larger refractive indices.
Recent developments in the control and manufactur-
ing of nanostructures (NSs) [8–10] enabled particle detec-
tors based on metal nanostructures (MNSs) [11–13]. CR
near a thin metal film deposited on dielectric [11] and
periodic structures [14–16] of metallic nanoarrays [17–
19] are very different from a medium of a uniform in-
dex. Lattices of MNSs facilitate hyperbolic metamateri-
als [20, 21]. In these metamaterials enhanced photonic
density of states boosts the intensity of CR. Moreover,
the threshold for CR radiation can be lifted in these
metamaterials [22]. Such a periodic medium is experi-
mentally demonstrated to emit CR for electron energies
as lows as 0.25 keV [20, 22]. Furthermore, left-handed
metamaterials demonstrate a reversed CR [23, 24]. The
progresses in Cherenkov radiating metamaterials have
stimulated the use of CR imaging for biological and med-
ical applications [25].
Besides facilitating the movements in CR imaging,
MNSs provided a medium also for observing plas-
∗ Corresponding Author: metasgin@hacettepe.edu.tr and metas-
gin@gmail.com
mon analogs [10] of electromagnetically-induced trans-
parency (EIT) like effects [26–28], originally observed
for 3 or more level atoms [29–31]. Fano resonances [26,
27, 32], plasmon-analog of EIT, and nonlinear response
enhancement [33–36] have been demonstrated in MNSs.
Very recently, finally, the plasmon-analog of refractive
index enhancement is also demonstrated via simple an-
alytical calculations which are supported by the exact
solutions of the 3D Maxwell equations [37]. Lavrinenko
and colleagues demonstrate [37] that linear response of
a metal nanorod (y-aligned) to the applied electric field
can be controlled, in particular be enhanced, via inter-
acting with a second (perpendicular, x-aligned) nanorod,
see dimers in Fig. 1. This happens when the second (x-
aligned) nanorod is driven with a pump which does not
couple to (not excite) the first (y-aligned) nanorod di-
rectly. The interaction between the two nanorods is pro-
vided by the hotspot (near-field) of the second nanorod
which relies at the intersection of the two nanorods.
In this paper, we discuss the utilization of this index
control scheme to the plasmonic Cherenkov radiation-
based detectors employing metal nanoparticles. The phe-
nomenon [37] can be used to tune (e.g. to decrease) the
phase velocity 1, of the light propagation in a particle de-
tector continuously. We show that the phenomenon can
be utilized (i) to enhance the total Cherenkov radiation,
(ii) to enable the Cherenkov radiation from slow-moving
particles, (iii) to control the wavelength of CR, and (iv)
to gain control over the cutoff velocity of the particles
emitting the Cherenkov radiation. Actually, more influ-
ential than (i)-(iv) is: continuous tuning of the detector,
after it is manufactured, allows a particle velocity distri-
bution analysis as if there exist many detectors.
We consider an ensemble of metal nanorod dimers, see
Fig. 1, and calculate a polarization density P (ω) from
1 not the group velocity, unlike Refs. [41, 42]
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FIG. 1. Silver nanoparticle dimers, aligned in the x and y di-
rections, are illuminated with an x-polarized auxiliary Gaus-
sian pulse of frequency Ω. The x-aligned silver nanoparticles
interact with the incident field very strongly to produce nm-
size hotspots and yields an enhancement in the polarization of
the y-aligned nanoparticle via strong interaction between the
two nanoparticles. A slow-moving charged particle traveling
in the medium [20, 21, 38–40] emits a y-polarized Cherenkov
radiation via the index enhancement. Polarization density
when the auxiliary pulse is off and on are given in Fig. 3(a.i)
and Fig. 3(b.i), respectively.
the enhanced dipole moment responses of such dimers.
The dipole moments of x-aligned nanorods are controlled
by an x-polarized auxiliary (aux) Gaussian pulse. The
x-polarized nanorod couples to the y-polarized nanorod
and tunes its response to an applied (probe) E-field of po-
larization along the y-direction. (The y-aligned nanorod
can be excited with a y-polarized field.) Thus, an x-
polarized aux beam (E2) can continuously tune the re-
fractive index of the medium for a y-polarized CR emis-
sion. The charged particles travel through the medium
in the x-direction [20, 21, 38–40]. Enhanced y-polarized
CR emission and its angle, measured in the x-z plane,
can be recorded using a y-polarization selector (filter).
We discuss the phenomenon in the following sections in
details.
The main input of the presented scheme is neither the
enhancement of the Cherenkov radiation intensity nor
bringing the velocity threshold to slower-moving par-
ticles. In current particle detectors, employing metal
nanostructures, CR intesity is already enhanced due to
the increased density of states [20] and the velocity
threshold can even be lifted [21, 22]. None of these cur-
rent detectors, however, can provide a continuous tuning,
thus a continuous spectral analysis, of the particles’ ve-
locities via CR.
We can make the functionality of the new scheme more
visible as follows. A conventional (CR-based) particle
detector, whether employing the nanoparticles or not,
takes (records) the emission spectral data for the fixed
parameters of the manufactured detector; even if the CR
spectrum is enhanced and the threshold is lifted. Then,
it analyses the particle velocity distribution etc. The
particle detector, we study in this manuscript, does the
following. It can record data on the velocity distribution
of particles as if one collects data on the velocity dis-
tribution of the source from many particle detectors, in
principle infinite, each having different fixed parameters
(e.g. indices). This way, comparing all such data sets,
e.g., one can make corrections on the errors of data [43]
occurring due to non-uniform absorption, or other un-
predictable issues. Such a game changing continuously-
tunable tool/device, to our best knowledge, is not present
in the new-generation CR-based particle detectors.
The index control mechanism we employ here pro-
vides one another significant advantage in CR-based par-
ticle velocity detection. In conventional CR-based de-
tectors, employing periodic metal nanostructures, there
exists a serious amount of loss. This severely distorts
(e.g. broaden) the relation between the Cherenkov an-
gle and the particle velocity on which the particle detec-
tion is based [39, 44]. In the index control scheme, we
study here, however, the enhanced index can be achieved
at vanishing/reduced absorption, see Fig.2. Vanish-
ing/reduced absorption at different parameters can be
achieved by using aux pulses operating at different fre-
quencies.
We also present the contribution to the power of CR
from different particle velocities of a 18F emission [45]
for different enhancements of the refractive index. We
further calculate the angle θCR for particle moving at dif-
ferent velocities.
Here, we consider a periodic spatial distribution of
the nanorod dimer centers. All dimers are aligned along
a given direction. Such kind of periodic structures
can be achieved by e-beam lithography techniques [46].
Although here we consider a periodic ordering of the
dimers, arbitrary distributions of such nanodimers can
be achieved also in solutions when one of the nanorods
of the dimer is manufactured via a magnetized metallic
material [47, 48]. This can be useful for in vitro CR imag-
ing [25]. Here we do not consider the extra enhancement
effects possible to appear due to periodicity, in this first
demonstration of such a game-changing device. Never-
theless, periodicity of the dimers is expected to increase
the CR emission via enhanced density of photonic states,
a feature already appearing in their no-index-controlled
counterparts [29–31]. Using lattice structures of index
controlled dimers can provide not only an enhanced emis-
sion, compared to the metal nanoarrays [22], without a
CR threshold, but also make their CR emission features
continuously tunable 2. Although we consider the basic
dimer structure Ref. [37] studies originally; nanostruc-
tures, easier to manufacture, can display similar features
2 Study of such periodic structures with the index-controlled
scheme is also possible to lead very interesting and naive fea-
tures, such as continuous tuning of band diagrams and possible
jumps of such features at certain index values.
3with such dimers.
It is important to note that: in this work, we aim
merely to provide a basic and the first, “proof of prin-
ciple”, demonstration of an important utilization of
plasmon index-enhancement (control) scheme [20] for
Cherenkov radiation applications. We present the valid-
ity of the model we use in Appendix B, which is already
demonstrated for nanostructures of similar sizes [38].
There may, certainly, appear some small deviations from
the mean polarization method. But, here we aim to bring
a new and influential mechanism into light with basic and
valid arguments App. B.
The paper is organized as follows. In Sec. II, we de-
scribe how the (auxiliary) x-polarized pulse can control
the refractive index of the medium for an x-polarized light
propagation. We review the results of Ref. [20], where a
single frequency is considered, and generalize them to the
case a Gaussian control pulse is employed. In Sec. III, we
present the utilization of the refractive index control to
the continuous spectral analysis of a radioactive source
emitting charged particles. Sec. IV contains our sum-
mary.
II. INDEX ENHANCEMENT
Lavrinenko and colleagues show [37] that response of
a y-aligned metal nanorod, to a field frequency ω, can
be enhanced when it is coupled to a perpendicular (x-
aligned) nanorod which is driven by an x-polarized aux-
iliary pulse of the same frequency ω. Owing to the struc-
ture of the localized surface plasmon resonances, the x-
polarized aux pulse couples (most efficiently) merely to
the x-aligned nanorod, and not to the y-aligned nanorod.
The y-polarized nanorod, however, couples to the plas-
mon mode of the x-aligned nanorod at the hotspot
which appears at the intersection of the two nanorods.
Ref. [37] shows that (see Fig. 2) the polarization of
the y-aligned nanorod —which can be driven only with
a y-polarized light— responds to the incident field E1
with an enhanced polarization about a given frequency
Ω = 0.967ω0. ω0 is the resonance of the nanorods. At
ω = Ω, the polarization is enhanced with a vanishing
absorption, a phenomenon also observed in atomic en-
sembles using aux microwave [29, 31] or optical [49, 50]
pulses. Although Ref. [37] demonstrates the phenomenon
for the coupling of two (identical) nanorods, as becomes
apparent below, the phenomenon can be observed for the
coupling of different plasmon resonances with other con-
figurations.
The system of two coupled nanorods is treated by two
coupled oscillators, as, this model is sufficient to explain
almost all fundamental plasmon interaction behaviors,
e.g. in Fano resonances [51, 52], except second-quantized
features [53]. The results are supported also with the
exact solution of 3D Maxwell equations, i.e. FDTD sim-
ulations.
The polarizations (plasmon oscillations) of the plas-
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FIG. 2. Enhanced oscillation strength [37] of the y-aligned
nanorod in the presence of an auxiliary pulse E2, oscillating
at the same frequency with the probe pulse E1(t) = E1e
−iωt.
Without the enhancement scheme, maximum x1 attains a
value of 0.2 only. At Ω = 0.967ω0 the polarization enhanced
with vanishing absorption. The phase of the aux pump is
fixed to φ = pi/2, in Eq. (3), as in Ref. [37] .
mon modes of the two perpendicular nanorods can be
described with two coupled oscillators
x¨1 + γ1x˙1 + ω
2
1x1 − gx2 = F˜1(t), (1)
x¨2 + γ2x˙2 + ω
2
2x1 − gx1 = F˜2(t), (2)
where γ1 = γ2 = 0.026ω0, ω1 = ω2 = ω0 and g =
0.06ω0 [37] are the damping rates, resonances and the
coupling between the two plasmon oscillations of the two
nanorod, respectively 3 . ω0 is the resonance of both
nanorods. The second nanorod is driven by the field
F˜2(t) = F2e
−iφe−iωt and the response of the x1/F1 is in-
vestigated, in Ref. [37], when a y-polarized electric field
F˜1(t) = F1e
−iωt is applied on the first nanorod oscillating
with the same frequency ω. In such a case an analytical
solution for the plasmon oscillation x1(t) = x1e
−iωt
x1 =
δ2F1 + ge
−iφF2
δ1δ2 − g2 (3)
can be obtained with δi = ω
2
i − ω2 − iγiω. x1 is plotted
in Fig. 2 [37] for F2/ω
2
0 = 1, F1/ω
2
0 = 0.01 and φ = pi/2.
Polarization density, (dipole moment)/volume [54], of the
medium to a y-polarized field is given by
χ(ω) = fω20
δ2 + e
−iφE2/E1
δ1δ2 − g2 , (4)
where f is the dimensionless oscillator strength deter-
mined by the density of the dimers. We calculate f as
3 While Ref. [37] uses the values γ1 = γ2 = 0.05ω0 for the damping
rates, here we use the scaled linewidth of silver obtained from the
experimental data
4follows. The polarizibility of a nanorod (ellipsoid), in
units of volume, can be calculated analytically [55, 56]
as α(ω) = ν ((ω) − h)/[h + r((ω) − h)] with r =
(1 − e2)/e2{−1 + ln[(1 + e)/(1 − e)]/2e}. Here, ν is the
volume of the nanorod.
We use L=30 nm for the length and b=10 nm the width
of the ellipsoid as considered in Ref. [37]. Polarization
density for applied E-field (without enhancement) can be
obtained via χ(ω) = P/E = ρ α, where ρ is the number
density of such nanorods, which we set ρ ν=0.02. Here,
we also use the experimental dielectric function (ω) of
silver [37, 57] (γ1 = γ2 = 0.026ω0) and obtain f=0.23 in
Eq. (4) by setting χ(ω = ω0, g = 0) = f/(γ1/ω0) equal
to χ(ω0) = ρ α(ω0). Actually, for a “proof of principle”
demonstration of the benefits of the index-enhancement
scheme for particle detectors, or CR imaging, such a tidy
choice for (ω) is not necessary.
At one point, we differentiate from the scheme of
Ref. [37], i.e. given in Fig. 2, a little. Because, the E-field
induced via CR is not like probing the y-polarization os-
cillations (in the first nanorod) with a relatively small E1
field. The CR is emitted spontaneously when the parti-
cle velocity along a direction exceeds the phase velocity
of light. That is, we cannot simply consider sending a
y-polarized probe pulse at frequency ω. For this rea-
son, we use an aux pump pulse of Gaussian shape in
the frequency domain of spectral width ∆ω = 0.02ω,
in Fig. 3b, and ∆ω = 0.005ω in Fig. 4, i.e. F˜2 =∑
ω F2e
−iφ exp[−(ω − Ω)2/(∆ω)2]e−iωt. We determine
the response x1 by simply solving Eqs. (1)-(2) in the fre-
quency domain x1(t) =
∑
ω x1(ω)e
−iωt [58].
Fig. 3(a.i) and 3(b.i) plot the real and imaginary parts
of the susceptibility of a dielectric medium composed of
such silver dimers with density ρ ν = 0.02, when the
x-polarized pulse is off and on, respectively. The carrier
frequency of the aux pulse, of width ∆ω = 0.02ω0, is cho-
sen to coincide with the frequency in Fig. 2 where index
enhancement with vanishing absorption appears Ω =
0.967ω0. In Fig. 4(a.i), we use a sharper ∆ω = 0.005ω0
aux pulse and we decrease (tune) the E2/E1 ratio in
Fig. 4(b.i). We observe that the index of such a medium
can be “continuously-tuned” order of magnitude at a nar-
row frequency range, if desired, at which one looks af-
ter observing tunable CR. Figs. 3(a.ii),3(b.ii),4(a.ii) and
4(b.ii) are the CR intensities for particles moving at dif-
ferent speeds, possible via such a tuning. (The calcula-
tions are carried out in Sec. III.)
The ratio E2/E1 is a quantity that can be measured
in an experiment. One can note that in an experiment,
one does not need to tune the E2/E1 ratio. The E2/E1
ratio is, rather, needed for the analysis of the particles’
velocity distribution, see Appendix A for some detailed
discussion.
We remark that tuning the E2/E1 ratio between E2 =
100E1 and E2 = 10E1, in Figs. 4(a.i) and 4(b.i), does
not change the frequency where imaginary part of the
dielectric function vanishes, i.e. ω = Ω = 0.967ω0. This
enables the continuous-tuning of the refractive index by
FIG. 3. (a.i) and (b.i) plot the dielectric susceptibility χ of the
medium (polarization density) without and with the auxiliary
Gaussian pulse of width ∆ω = 0.02ω0, respectively. (b.i) sus-
ceptibility is largely enhanced compared to the bare suscep-
tibility of the metal nanodimer (a.i). (a.ii) and (b.ii) plot
the intensity of the Cherenkov radiation Eq. (5) for charged
particles moving at different speeds β = v/c. The electric field
strength of the auxiliary pulse is assigned to be E2 = 100E1,
with E1 is the electric field of the Cherenkov emission. En-
hanced susceptibility enables the radiation of particles moving
at much smaller speeds. We set φ = pi/2, in Eq. (4), similar
to Ref. [37].
circumventing the metallic losses causing the distortion
in Cherenkov angle relation [39, 44].
In Fig. 2, one may appreciate that index enhancement
is observable in a wider frequency range, of order γ1,2.
This allows one to choose a considerably wide range of
frequencies for the index enhancement in processes where
increased absorption is tolerable, i.e. when a smaller
(partially absorbed) CR signal is sufficient where oth-
erwise particle velocity is much below the cutoff.
III. CONTROL OF THE CHERENKOV
RADIATION
We calculate the total number of photons emitted via
Cherenkov radiation, per unit traveling distance, using
the well-developed formula
dNp
dx
=
1
137c
∫
β2Re[(ω)]>1
ω dω
(
1− Re[(ω)]
β2|(ω)|2
)
, (5)
generalized to a dispersive medium [59–62]. Here, the
constraint v/(c/n(ω)) > 1 is modified as β2Re[(ω)] >
1 [59, 60] for an absorbing medium. In Appendix B,
we present the refractive index for dielectric media com-
posed of nanoparticles of sizes much smaller than the
5FIG. 4. (a.i) and (b.i) Enhancement of the polarization
density with a narrower ∆ω = 0.005ω0 auxiliary pulse for
two different (pump) electric field strengths, E2 = 100E1 and
E2 = 10E1, respectively. (a.ii) and (b.ii) demonstrates the
corresponding emission intensity. Radiation can be made in
a (tunable) narrower spectrum via tuning the pump spectral
width. Contribution from smaller particle velocities can also
be tuned via the pump electric field E2. We set φ = pi/2, in
Eq. (4), similar to Ref. [37].
radiation wavelength. Such a material can be treated
as an effective, homogeneous medium, so transition radi-
ation can be neglected [39, 63, 64]. Because such media
are shown to be homogenized to a very good approxi-
mation [65, 66]. Central region of the medium, given in
Fig. 1, can be unfilled to allow for unobstructed propa-
gation of charged particles [39].
In Figs. 3(a.ii),3(b.ii),4(a.ii) and 4(b.ii), we plot the
number of photons Cherenkov emitted at different fre-
quencies by particles traveling at different speeds for the
choice of a pump phase φ = pi/2 [37].
When there is no aux field, particle velocities down
to v =0.55c is possible to emit a y-polarized CR 4, see
Fig. 3(a.ii), within the dimer density we choose. When
the aux field is turned on, by contrast, emission of a
y-polarized CR from particles moving at speeds down
to v = 0.1c becomes possible, see Fig. 3(b.ii), via en-
hancement of the dielectric susceptibility χ = P/E, see
Fig. 3(b.i). What more important is: the velocity thresh-
old can be tuned continuously by the intensity of the aux
Gaussian pulse, e.g., compare Figs. 4(a.ii) and 4(b.ii), af-
ter the detector is manufactured. The spectrum of the
4 Only a y-polarized CR emission occurs owing to the index en-
hancement. Because plasmons of the y-aligned nanorods, whose
response to E-field is enhanced, couples to the y-polarized E-field
much effectively [67].
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FIG. 5. Change of the emission intensity of charged particles
at the enhancement frequency, ω = Ω = 0.967ω0, for different
phases φ of the auxiliary Gaussian pulse (or, equivalently, for
different positions of the metal nanodimer). Different pump
phases result in different refractive indices. Aux pulse width
is set to ∆ω = 0.005ω0.
CR can also be tuned via tuning the spectral width and
carrier frequency of the aux pulse even after the dimer
ensemble is manufactured. The frequency where ab-
sorption vanishes, i.e. ω = Ω = 0.967ω0, does not change
between E2 = 100E1 and E2 = 10E1 values. So, an aux
pulse of carrier frequency ωc = Ω = 0.967ω0 works in the
absorption-free regime in the continuous tuning of the
aux pulse ( ∝ |E2|2 ) intensity.
In Figs. 2-4, we consider the phase φ = pi/2 for the aux
pulse. The position of a dimer with respect to the aux
pulse, however, alters the position-dependent phase at
which the dimer operates. In Fig. 5, we plot the CR in-
tensities for dimers operating at different pump phases φ.
When the periodicity of the dimers is not manufactured
to match certain ratios of the aux pulse wavelength; a
CR, possible to be emitted, is likely to feel a φ-averaged
index.
In Fig. 2 we present the enhancement scheme for φ =
pi/2 [37] and consider the enhancement around ω = Ω '
0.967ω0. We remark that when φ assigns other values,
the enhancement scheme, presented in Fig. 2, changes
dramatically. At the frequency ω = Ω ' 0.967ω0, a
value we choose referring to Fig. 2, may not correspond
to an enhanced susceptibility. In Fig. 5, at φ/pi = 0.5,
i.e. φ = pi/2, all particle velocities v = 0.1 . . . 0.3 generate
CR. For a particle of velocity, e.g., v = 0.1c, however, one
cannot observe the CR in the phase range φ = 0 . . . 0.18pi.
Because in this phase range, according to Eq. (4), the
refractive index is not that high to suffice for creating
a CR for a particle of velocity v = 0.1c. For higher
velocity values, e.g. v = 0.2c, the refractive index, at
ω = Ω ' 0.967ω0, becomes sufficient to generate CR
emission in the phase range φ = 0.04 . . . 0.96pi via Eq. (4)
and (5) . We also underline that the relative-phase, a
single dimer operates, depends also on the E1-field CR
produces, i.e., not merely on the position of the dimer.
In Fig. 6, we plot the CR emission at different par-
ticle velocities by considering the energy distribution of
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FIG. 6. (a) Velocity distribution of 18F emission, a material
widely used in biological imaging [25, 68]. (b) Radiated power
of the particles emitted by 18F, at the enhancement frequency
ω = Ω = 0.967ω0, for different field strengths E2 of the aux-
iliary Gaussian pulse. Distribution depicted in (a) is used in
the calculation and an average is considered over the phase φ
of the auxiliary pulse (or, equivalently, over the positions of
the nanodimers.) Aux pulse width is set to ∆ω = 0.005ω0.
a 18F [45] an isotope widely used, e.g., in imaging ap-
plications [25, 68]. In Fig. 6b, we also perform an av-
erage over the phase φ considering a (general) periodic
structure whose periodicity does not match the aux pulse
wavelength. We also note that dimers (∼30 nm) are
much smaller compared to the CR emission, at optical
wavelengths, e.g., ∼500 nm, which overlaps many of such
dimers in 3D.
In Fig. 7, we plot the CR angle cos θCR =√
Re[(ω)]/β|(ω)| in a dispersive medium [59, 60] emit-
ted from a charged particle moving at different velocities.
We observe that θCR from slower-moving particles depend
on the pump-phase dramatically, comparing the results
for φ = 0.50pi with φ = 0.05pi 5. Therefore, for peri-
odic structures, where even a wavelength contains hun-
dreds of nanodimers, one needs to consider an average
over the phase (dimer positions) φ, before calculating the
CR angle relations. This may require calibration with a
known source before carrying out the actual experiment.
Therefore, beyond observing CR from slow-moving parti-
cles and CR intensity enhancement, θCR analysis is better
to be held with periodic structures where a φ-average can
be considerable for optical CR.
Measurement scheme— We note that the propaga-
tion of the aux-pulse-controlled CR emission, which is
5 For φ = 0, the condition for the Cherenkov radiation is not
satisfied for any β value.
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FIG. 7. Direction of the Cherenkov radiation θChrkv with
respect to the velocity of the charged particle for different
values of the phase φ of the Gaussian pulse. Carrier fre-
quency and the spectral width of the aux pulse are set to
ωc = Ω = 0.0967ω0 and ∆ω = 0.005ω0, respectively.
y-polarized, can be only in the x-z plane. Since the inci-
dent particles are propagating along the x-direction, the
controllable (continuously-tunable) CR emission is tilted
along the z-direction via a CR emission angle θCR. In or-
der to observe the distribution of the CR angle, one can
filter-in (collect) the y-polarized CR emission. At this
stage, there appears a complicating effect: high-velocity
particles can also emit y-polarized CR whose origin is
not related with the y-polarized nanorod holding a con-
trollable index, e.g. due to the background solution it-
self. This complication (actually any such effect leading
to aux pulse-invariant CR emission) can be traced out
from the CR via the index control phenomenon as fol-
lows. Cherenkov radiation angle measurement can be
carried out (calibrated) for a turned off auxiliary (y-
polarized index-controlling) pulse and all other particle
spectroscopies can be carried out referring this calibra-
tion point.
IV. SUMMARY
In summary, we show that index enhancement in plas-
monic metamaterials [37] can be utilized to gain con-
trol over Cherenkov radiation. An auxiliary x-polarized
Gaussian pulse controls the refractive index of the
medium for a y-polarized Cherenkov emission. Beyond
enhancing the overall Cherenkov radiation and enabling
radiation from much slower particles; such a setup en-
ables spectral analysis of the particle velocities as if there
exist many different particle detectors. Because, different
intensity values of the auxiliary pulse operates different
particle detector media and this allows the data correc-
tion [43]. Moreover, vanishing absorption heals the dis-
torting effects on the Cherenkov angle relation which are
caused by the absorption of metal nanostructures.
In addition, the frequency width of the Cherenkov ra-
diation can also be tuned with the width of the auxiliary
pulse. The utility of the technique, we introduce here,
7can be well appreciated by considering that: the phe-
nomenon of Cherenkov radiation has implementations in
particle detection and medical imaging.
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Appendix A: The E2/E1 ratio
There are two ways to perform an E2/E1 arrangement.
Before using the manufactured medium with the aux-
iliary pulse, one can learn the properties of the medium
without the aux pulse. One needs to perform this only
once after manufacturing the detector. One can use an
already known source for the detector calibration and
obtain the curve in Fig. 3(a.ii), e.g., by recording at a
specific wavelength. Then, in the same calibration pro-
cess, one can turn on the aux Gaussian pulse, for a trial
E2, and records the new E1. This way, one can gain an
initial information on the CR response/characteristics of
the device before using it with unknown velocity parti-
cles.
Actually, tuning (knowing) E2/E1 before an experi-
ment is not necessary. Because the purpose of this new
device is to provide a continuous spectral analysis on the
velocity distribution of the particles, e.g., with known
(measured) E2/E1 values. E2 and E1 (I2 and I1) are
measured in an experiment with an unknown radioactive
source. Hence, one already records the continuous data
(parameter) of E2/E1. One can also compare them with
the data already obtained from the calibration with the
known source, even though this is not necessary. Besides
the continuous spectral analysis of the unknown source
—which is the true aim of the proposed device— if one
aims to tune the E2/E1 ratio, e.g. wants to operate the
detector at a specific regime, the experimentalist can ac-
tually do this via a continuous measurement of the E2/E1
ratio, e.g., at a specific wavelength.
Appendix B: Effective Polarizibility and Cherenkov
Radiation
Cherenkov radiation in particle detectors, employ-
ing nanoparticles, is a well-developed formalism which
has been studied for a decade. The effective
medium/polarization methods, which rely on calculating
the average electric/polarization fields [17–21, 39, 40, 69–
72], have already been demonstrated to work well in
nanowire/nanoparticle arrays in such parameter regimes
where the size of the nanostructures are much smaller
than the CR wavelength.
These methods are able to treat also the periodicity
of the wires, e.g. by inserting the Floquet mode solu-
tions (due to periodicity) into polarization/electric field
averages. While many recent works concentrate on effec-
tive permittivity of periodic nanoparticle structures, ow-
ing to the unique optical features of such metamaterials,
Ref. [38] presents a clear demonstration of the effective
polarization for the arbitrary distribution of, e.g. silicon,
nanoparticles in a medium where the theoretical treat-
ment fits the experimental data. Thus, although we con-
sider a periodic structure of the silver dimers here, arbi-
trarily distributions of such dimers, e.g. in solutions, can
also be utilized as index-controlled continuously-tunable
particle detectors. Dimers can be aligned using magne-
tized metallic material [47, 48].
We calculate the average polarization of the medium,
e.g. in a wavelength size, which contains many of such
nanoparticles. The maximum length of a dimer is L=30
nm, which is much smaller than an optical wavelength.
The mean separation between the centers of the dimers is
crudely 3
√
50× L '110 nm, since a unit volume contains
ρν=0.02 of such dimers. We note that this, i.e. ρν=0.02,
is an arbitrary value we assign in the manuscript, where
a denser/lighter ensemble would be possible. The volume
of a dimer is approximately 30×30×10=8100 nm3. The
volume of a typical wavelength is Vλ=500
3nm3. Hence,
in a single wavelength volume there exists 310 of such
dimers. This value can be increased/decreased via other
choices for the density of dimers. That is, for 310 of such
dimers in a wavelength, assigning an effective polariza-
tion (even for arbitrarily-ordered dimers) is rather like
defining a polarization density in the books of electro-
magnetic theory [54, 73].
Actually, for the validity of the simple treatments
of Cherenkov radiation in such media, the critical is-
sue is a concept related with the “length of forma-
tion” [38, 74, 75]. A Cherenkov wave takes on the char-
acter of a radiation, that is no longer tied to its source,
after the particle travels the formation length [38, 74, 75]
which is order of a wavelength or less. That is, the condi-
tion for CR is (i) material to be extended for some degree
(i.e. formation length) for the CR to be formed, and (ii)
in the packed nanoparticle system it must be provided
that nanoparticle dimensions are much shorter than the
propagation wavelength. Satisfying these conditions, a
packed nanoparticle system can be treated as an effec-
tive medium in the context of formation [13]. Thus, for
CR to emit, the medium has to extend at least a forma-
tion length; i.e. a single nanoparticle alone smaller than
the formation length cannot emit the CR and a continu-
ation of such particles is necessary. After this condition
satisfied, an effective medium treatment regarding the
wavelength of the virtual photons to be emitted, e.g. 310
8dimers in a wavelength volume, can be considered.
On top of all these discussions, there will certainly ap-
pear complicating effects. These, however, are certainly
out of the scope of this work which aims to present the
audience a basic (as the first) demonstration of the im-
plementation of the index-enhancement phenomenon to
particle detectors allowing continuously-tunable spectral
analysis —not targeting a rigorous simulation, revealing
all effects, in an already conducted experiment.
[1] Pavel A Cherenkov, “Visible emission of clean liquids by
action of γ radiation,” Doklady Akademii Nauk SSSR 2,
252 (1934).
[2] IETIM Frank and Ig Tamm, “Coherent visible radiation
of fast electrons passing through matter,” in Selected Pa-
pers (Springer, 1991) pp. 29–35.
[3] Lev Davidovich Landau, JS Bell, MJ Kearsley,
LP Pitaevskii, EM Lifshitz, and JB Sykes, Electrody-
namics of continuous media, Vol. 8 (elsevier, 2013).
[4] EE Fisch and JE Walsh, “Operation of the sapphire
cerenkov laser,” Applied physics letters 60, 1298–1300
(1992).
[5] Ludovica Sartini, F Simeone, P Pani, N Lo Bue, G Mari-
naro, A Grubich, A Lobko, G Etiope, A Capone,
P Favali, et al., “Nuclear instruments and methods in
physics research section a: Accelerators, spectrometers,
detectors and associated equipment,” Nuclear Instru-
ments and Methods in Physics Research A (2010).
[6] Syed Naeem Ahmed, Physics and engineering of radia-
tion detection (Academic Press, 2007).
[7] IceCube Collaboration et al., “Evidence for high-energy
extraterrestrial neutrinos at the icecube detector,” Sci-
ence 342, 1242856 (2013).
[8] Eric M Yeatman, Hannah M Gramling, and Evelyn N
Wang, “Introduction to the special topic on nanomanu-
facturing,” (2017).
[9] Yun Xu, Dengxin Ji, Haomin Song, Nan Zhang, Yaowu
Hu, Thomas D Anthopoulos, Enzo M Di Fabrizio,
Shumin Xiao, and Qiaoqiang Gan, “Light–matter in-
teraction within extreme dimensions: From nanomanu-
facturing to applications,” Advanced Optical Materials
6, 1800444 (2018).
[10] Mark S Tame, KR McEnery, S¸K O¨zdemir, Jinhyoung
Lee, SA Maier, and MS Kim, “Quantum plasmonics,”
Nature Physics 9, 329–340 (2013).
[11] Shenggang Liu, Ping Zhang, Weihao Liu, Sen Gong, Ren-
bin Zhong, Yaxin Zhang, and Min Hu, “Surface polariton
cherenkov light radiation source,” Physical review letters
109, 153902 (2012).
[12] Iulia Georgescu, “Cˇerenkov radiation: Light from rip-
ples,” Nature physics 8, 704 (2012).
[13] Tao Zhao, Renbin Zhong, Min Hu, Xiaoxing Chen, Ping
Zhang, Sen Gong, and Shenggang Liu, “Cherenkov ra-
diation via surface plasmon polaritons excitation by an
electron beam in a layered metal-dielectric structure,”
The European Physical Journal D 69, 120 (2015).
[14] Xiao Lin, Sajan Easo, Yichen Shen, Hongsheng Chen,
Baile Zhang, John D Joannopoulos, Marin Soljacˇic´, and
Ido Kaminer, “Controlling cherenkov angles with res-
onance transition radiation,” Nature Physics 14, 816
(2018).
[15] Chiyan Luo, Mihai Ibanescu, Steven G Johnson, and
JD Joannopoulos, “Cerenkov radiation in photonic crys-
tals,” science 299, 368–371 (2003).
[16] Weihao Liu, “Dispersive 2d cherenkov radiation on a di-
electric nano-film,” Scientific reports 7, 5787 (2017).
[17] Viktor V Vorobev and Andrey V Tyukhtin, “Nondiver-
gent cherenkov radiation in a wire metamaterial,” Phys-
ical Review Letters 108, 184801 (2012).
[18] Andrey V Tyukhtin, Viktor V Vorobev, and Sergey N
Galyamin, “Radiation excited by a charged-particle
bunch on a planar periodic wire structure,” Physical Re-
view Special Topics-Accelerators and Beams 17, 122802
(2014).
[19] Jin-Kyu So, Jong-Hyo Won, MA Sattorov, Seung-Ho
Bak, Kyu-Ha Jang, Gun-Sik Park, DS Kim, and
FJ Garcia-Vidal, “Cerenkov radiation in metallic meta-
materials,” Applied Physics Letters 97, 151107 (2010).
[20] David E Fernandes, Stanislav I Maslovski, and Ma´rio G
Silveirinha, “Cherenkov emission in a nanowire mate-
rial,” Physical Review B 85, 155107 (2012), –Also see
the references there in.
[21] Ma´rio Silveirinha, “Metamaterials: A low-energy
cherenkov glow,” Nature Photonics 11, 269 (2017).
[22] Fang Liu, Long Xiao, Yu Ye, Mengxuan Wang, Kaiyu
Cui, Xue Feng, Wei Zhang, and Yidong Huang, “In-
tegrated Cherenkov radiation emitter eliminating the
electron velocity threshold,” Nature Photonics 11, 289
(2017).
[23] Jie Lu, Tomasz M Grzegorczyk, Yan Zhang, Joe
Pacheco Jr, Bae-Ian Wu, Jin A Kong, and Min Chen,
“Cˇerenkov radiation in materials with negative permit-
tivity and permeability,” Optics Express 11, 723–734
(2003).
[24] Sheng Xi, Hongsheng Chen, Tao Jiang, Lixin Ran, Jiang-
tao Huangfu, Bae-Ian Wu, Jin Au Kong, and Min Chen,
“Experimental verification of reversed cherenkov radia-
tion in left-handed metamaterial,” Physical review letters
103, 194801 (2009).
[25] Travis M Shaffer, Edwin C Pratt, and Jan Grimm, “Uti-
lizing the power of cerenkov light with nanotechnology,”
Nature nanotechnology 12, 106 (2017).
[26] Boris Luk’yanchuk, Nikolay I Zheludev, Stefan A Maier,
Naomi J Halas, Peter Nordlander, Harald Giessen, and
Chong Tow Chong, “The fano resonance in plasmonic
nanostructures and metamaterials,” Nature materials 9,
707 (2010).
[27] Mikhail F Limonov, Mikhail V Rybin, Alexander N Pod-
dubny, and Yuri S Kivshar, “Fano resonances in photon-
ics,” Nature Photonics 11, 543 (2017).
[28] Bo Peng, S¸ahin Kaya O¨zdemir, Weijian Chen, Franco
Nori, and Lan Yang, “What is and what is not electro-
magnetically induced transparency in whispering-gallery
microcavities,” Nature communications 5, 5082 (2014).
[29] Michael Fleischhauer, Christoph H Keitel, Marlan O
Scully, Chang Su, BT Ulrich, and Shi-Yao Zhu, “Reso-
nantly enhanced refractive index without absorption via
atomic coherence,” Physical Review A 46, 1468 (1992).
9[30] Michael Fleischhauer, Atac Imamoglu, and Jonathan P
Marangos, “Electromagnetically induced transparency:
Optics in coherent media,” Reviews of modern physics
77, 633 (2005).
[31] M. O. Scully and M. S. Zubairy, Quantum Optics (Cam-
bridge University Press, New York, 1997).
[32] Simone Panaro, Adnan Nazir, Carlo Liberale, Gobind
Das, Hai Wang, Francesco De Angelis, Remo Proietti Za-
ccaria, Enzo Di Fabrizio, and Andrea Toma, “Dark
to bright mode conversion on dipolar nanoantennas: a
symmetry-breaking approach,” ACS Photonics 1, 310–
314 (2014).
[33] Je´re´my Butet and Olivier JF Martin, “Fano resonances
in the nonlinear optical response of coupled plasmonic
nanostructures,” Optics Express 22, 29693–29707 (2014).
[34] Shailendra K Singh, M Kurtulus Abak, and
Mehmet Emre Tasgin, “Enhancement of four-wave mix-
ing via interference of multiple plasmonic conversion
paths,” Physical Review B 93, 035410 (2016).
[35] Mehmet Emre Tas¸gın, Alpan Bek, and Selen Postacı,
“Fano resonances in the linear and nonlinear plasmonic
response,” in Fano Resonances in Optics and Microwaves
(Springer, 2018) pp. 1–31.
[36] Selen Postaci, Bilge Can Yildiz, Alpan Bek, and
Mehmet Emre Tasgin, “Silent enhancement of sers signal
without increasing hot spot intensities,” Nanophotonics
7, 1687–1695 (2018).
[37] Ali Panahpour, Abolfazl Mahmoodpoor, and Andrei V.
Lavrinenko, “Refraction enhancement in plasmonics by
coherent control of plasmon resonances,” Phys. Rev. B
100, 075427 (2019).
[38] Aycan Yurtsever, Martin Couillard, and David A Muller,
“Formation of guided cherenkov radiation in silicon-
based nanocomposites,” Physical Review Letters 100,
217402 (2008).
[39] Vincent Ginis, Jan Danckaert, Irina Veretennicoff, and
Philippe Tassin, “Controlling cherenkov radiation with
transformation-optical metamaterials,” Physical Review
Letters 113, 167402 (2014).
[40] Tiago A Morgado, David E Fernandes, and Ma´rio G
Silveirinha, “Analytical solution for the stopping power of
the cherenkov radiation in a uniaxial nanowire material,”
in Photonics, Vol. 2 (Multidisciplinary Digital Publishing
Institute, 2015) pp. 702–718.
[41] Iacopo Carusotto, M Artoni, GC La Rocca, and F Bas-
sani, “Slow group velocity and cherenkov radiation,”
Physical review letters 87, 064801 (2001).
[42] M Artoni, F Bassani, I Carusotto, and GC La Rocca,
“The regime of electromagnetically induced transparency
in optically dense media: from atoms to excitons,” Brazil-
ian journal of physics 32, 275–283 (2002).
[43] Sean Tanny, Nicholas Sperling, and E Ishmael Parsai,
“Correction factor measurements for multiple detectors
used in small field dosimetry on the varian edge radio-
surgery system,” Medical physics 42, 5370–5376 (2015).
[44] Xiao Lin, Sajan Easo, Yichen Shen, Hongsheng Chen,
Baile Zhang, John D Joannopoulos, Marin Soljacˇic´, and
Ido Kaminer, “Controlling cherenkov angles with reso-
nance transition radiation,” Nature Physics 14, 816–821
(2018).
[45] Craig S Levin and Edward J Hoffman, “Calculation of
positron range and its effect on the fundamental limit of
positron emission tomography system spatial resolution,”
Physics in Medicine & Biology 44, 781 (1999).
[46] Kezheng Li, Juntao Li, Christopher Reardon, Christian S
Schuster, Yue Wang, Graham J Triggs, Niklas Damnik,
Jana Mu¨enchenberger, Xuehua Wang, Emiliano R Mar-
tins, et al., “High speed e-beam writing for large area
photonic nanostructuresa choice of parameters,” Scien-
tific reports 6, 32945 (2016).
[47] Simon D Anderson, Vanessa V Gwenin, and Christo-
pher D Gwenin, “Magnetic functionalized nanoparticles
for biomedical, drug delivery and imaging applications,”
Nanoscale research letters 14, 1–16 (2019).
[48] Salma Alrasheed and Enzo Di, “Giant magnetic field en-
hancement in hybridized mim structures,” IEEE Photon-
ics Technology Letters 29, 2151–2154 (2017).
[49] DD Yavuz, “Refractive index enhancement in a far-off
resonant atomic system,” Physical review letters 95,
223601 (2005).
[50] NA Proite, BE Unks, JT Green, and DD Yavuz, “Re-
fractive index enhancement with vanishing absorption in
an atomic vapor,” Physical review letters 101, 147401
(2008).
[51] Xiaohua Wu, Stephen K Gray, and Matthew Pel-
ton, “Quantum-dot-induced transparency in a nanoscale
plasmonic resonator,” Optics express 18, 23633–23645
(2010).
[52] Andrea Lovera, Benjamin Gallinet, Peter Nordlander,
and Olivier JF Martin, “Mechanisms of fano resonances
in coupled plasmonic systems,” Acs Nano 7, 4527–4536
(2013).
[53] Marco Finazzi and Franco Ciccacci, “Plasmon-photon
interaction in metal nanoparticles: Second-quantization
perturbative approach,” Physical Review B 86, 035428
(2012).
[54] David J Griffiths, “Introduction to electrodynamics,”
(2005).
[55] Craig F Bohren and Donald R Huffman, Absorption and
scattering of light by small particles (John Wiley & Sons,
2008).
[56] Moussa Ngom, Novel Approach to the Study of Surface
Plasmon Resonance and Field Enhancement Properties
of Noble Metal Nanostructures., Ph.D. thesis, The Uni-
versity of Michigan (2009).
[57] Ulrich Hohenester and Andreas Tru¨gler, “Mnpbem–a
matlab toolbox for the simulation of plasmonic nanopar-
ticles,” Computer Physics Communications 183, 370–381
(2012).
[58] We determine the coefficients xi(ω) by using the expan-
sion
∑
ω xi(ω) in Eqs. (1,2). We discretize the 1D fre-
quency space and solve such linear equations.
[59] VM Grichine, “On the energy-angle distribution of
Cherenkov radiation in an absorbing medium,” Nuclear
Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated
Equipment 482, 629–633 (2002).
[60] MH Saffouri, “Treatment of Cˇerenkov radiation from
electric and magnetic charges in dispersive and dissipa-
tive media,” Il Nuovo Cimento D 3, 589–622 (1984).
[61] Enrico Fermi, “The ionization loss of energy in gases and
in condensed materials,” Physical Review 57, 485 (1940).
[62] Rudolph M Sternheimer, “The energy loss of a fast
charged particle by Cˇerenkov radiation,” Physical Re-
view 91, 256 (1953).
[63] Zhaoyun Duan, Bae-Ian Wu, Sheng Xi, Hongsheng Chen,
and Min Chen, “Research progress in reversed cherenkov
radiation in double-negative metamaterials,” Progress in
10
electromagnetics research 90, 75–87 (2009).
[64] Sergey N Galyamin, Andrey V Tyukhtin, Alexey
Kanareykin, and Paul Schoessow, “Reversed cherenkov-
transition radiation by a charge crossing a left-handed
medium boundary,” Physical review letters 103, 194802
(2009).
[65] Alexandru Ioan Ca˘buz, Andre´ Nicolet, Fre´de´ric Zolla,
Didier Felbacq, and Guy Bouchitte´, “Homogenization
of nonlocal wire metamaterial via a renormalization ap-
proach,” JOSA B 28, 1275–1282 (2011).
[66] Alexandru Ioan Ca˘buz, Didier Felbacq, and David
Cassagne, “Homogenization of negative-index composite
metamaterials: A two-step approach,” Physical Review
Letters 98, 037403 (2007).
[67] In an extended study on the further implementations
of the index enhancement phenomenon on the behav-
ior of the CR emission, one may consider the effect of
the dielectric anisotrop which is demonstrated to cast a
threshold-less CR.
[68] Antonello E Spinelli, Daniela D’Ambrosio, Laura
Calderan, Mario Marengo, Andrea Sbarbati, and Fed-
erico Boschi, “Cerenkov radiation allows in vivo opti-
cal imaging of positron emitting radiotracers,” Physics
in Medicine & Biology 55, 483 (2009).
[69] Ma´rio G Silveirinha, “Nonlocal homogenization model for
a periodic array of -negative rods,” Physical Review E
73, 046612 (2006).
[70] Ma´rio G Silveirinha and Carlos A Fernandes, “Homoge-
nization of 3-d-connected and nonconnected wire meta-
materials,” IEEE transactions on microwave theory and
techniques 53, 1418–1430 (2005).
[71] Andrey V Tyukhtin and Emma G Doilnitsina, “Effective
permittivity of a metamaterial from coated wires,” Jour-
nal of Physics D: Applied Physics 44, 265401 (2011).
[72] Igor S Nefedov, Ari J Viitanen, and Sergei A Tretyakov,
“Propagating and evanescent modes in two-dimensional
wire media,” Physical Review E 71, 046612 (2005).
[73] John David Jackson, Classical electrodynamics (John Wi-
ley & Sons, 2007).
[74] Max S Zolotorev and Kirk T McDonald, “Classical radia-
tion processes in the weizsacker-williams approximation,”
arXiv preprint physics/0003096 (2000).
[75] Spencer Klein, “Suppression of bremsstrahlung and pair
production due to environmental factors,” Reviews of
Modern Physics 71, 1501 (1999).
